The glycosyltransferase ElmGT from Streptomyces olivaceus is involved in the biosynthesis of the antitumor drug elloramycin, and it has been shown to possess a broad deoxysugar recognition pattern, being able to transfer different L-and D-deoxysugars to 8-demethyl-tetracenomycin C, the elloramycin aglycone. Site-directed mutagenesis in residues L309 and N312, located in the ␣/␤/␣ motif within the nucleoside diphosphate-sugar binding region, can be used to modulate the substrate flexibility of ElmGT, making it more precise for transfer of specific deoxysugars.
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Natural products produced by microorganisms are frequently glycosylated. Bioactivity of many of these compounds is frequently dependent upon the regio-and stereospecific attachment of the sugar moieties (25) . Attachment of the sugars to aglycone scaffolds usually occurs in late stages of biosynthesis by the action of glycosyltransferases (GTFs). The acceptor substrates of these GTFs vary widely, but the donor substrates are generally activated deoxynucleoside diphosphate (dNDP) sugars, mainly dTDP-hexoses (8, 23, 24) . Over the last few years, increasing evidence has demonstrated a certain degree of flexibility in GTFs regarding the acceptor substrate (7, 12, 26, 27) and, most frequently, the donor substrate (2, 5, 17, 22) . X-ray structures of some GTFs involved in antibiotic biosynthesis have been reported: GtfA, GtfB, and GtfD in glycopeptide biosynthesis (14) (15) (16) ; AviGT4 in avilamycin A biosynthesis (11); UrdGT2 in urdamycin A biosynthesis (13); and CalG34 in calicheamicin biosynthesis (28) . In addition, the structures of two other GTFs involved in antibiotic biosynthesis and resistance have been reported (3) . All of them belong to the GT-B superfamily of GTFs, and they share a two-domain structure, each adopting an ␣/␤ motif similar to a Rossmann fold. One of these domains would be responsible for aglycone binding (N-terminal domain) and the other for dNDP-sugar binding (C-terminal domain).
The ElmGT glycosyltransferase catalyzes one of the late steps in the biosynthesis of the anthracycline-like antitumor drug elloramycin in Streptomyces olivaceus Tü2353. It transfers an L-rhamnose moiety from dTDP-L-rhamnose to the elloramycin aglycone 8-demethyl-tetracenomycin C (8DMTC) (Fig.   1A ) (2) . ElmGT is an interesting GTF since it possesses remarkable donor substrate flexibility. It has been shown to transfer at least 11 different sugars to 8DMTC, including both L-and D-isomeric forms of some sugars (4, 9, 18, 19, 21) . This surprising flexibility of ElmGT prompted us to get further insight into the identification of some amino acid residues involved in the selection of the sugar donor.
One of the common features of the antibiotic GTFs so far characterized by X-ray analysis is the existence of a conserved sequence motif located closed to the C terminus of these transferases (Fig. 1B) . This motif is present in all eight GTFs characterized so far and can also be found in the primary structure of a number of GTFs that have been cloned and sequenced. This sequence motif has been suggested to be involved in binding the glycosyl donors (6) . There are a number of wellconserved residues in this motif, some of which have been shown to interact with different atoms of the nucleotide sugar donor (11, 15, 16) . In the absence of information on the structure of ElmGT, we took advantage of the available data from the X-ray structure of the eight antibiotic GTFs reported and the fact that modeling of ElmGT based on these structures keeps the common structural pattern all along the protein. It has been suggested that the poorly conserved loop connecting the C␤5 strand with the C␣5 helix could participate in binding and recognition of the sugar, possibly being a characteristic of inverting GTFs (6, 11) . This region has been named the ␣/␤/␣ motif ( Fig. 1B and C) . Comparison of the amino acids in this loop in different GTFs (Fig. 1B) shows this region is quite variable. Only an aspartic acid (D) residue is well conserved, which is sometimes substituted for by a glutamic acid (E). Mutations in this aspartic acid residue have been shown to greatly reduce the catalytic activity of GtfB, thus involving this residue in the catalytic apparatus of this GTF (14) . In ElmGT, the ␣/␤/␣ motif contains five residues (amino acids A308, L309, A310, D311, and N312). Based on all of these data, we decided to carry out site-directed mutagenesis in this region to (14) and prediction of ElmGT structure using the SWISS-MODEL Workspace (1) showing the N␤5-N␣5 loop proposed to be the acceptor binding site and the ␣/␤/␣ motif included in the donor binding site (6) . Amino acids L309 and N312, targeted by site-directed mutagenesis in ElmGT in this paper, and their counterparts in GtfB (M330 and Q333) are indicated in boldface.
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on September 28, 2017 by guest http://jb.asm.org/ try to identify important amino acid residues for deoxysugar specificity in ElmGT. A plasmid (pARGA) was constructed in which the elmGT and the elmE genes were cloned under the control of the ermE* promoter in plasmid pAR15AT (10) . The elmE gene codes for a transmembrane protein responsible for secretion of elloramycin (20) , and it was included in pARGA to facilitate secretion of the newly formed glycosylated derivatives. The targeted amino acids were located within a 344-bp FseI fragment internal to an 828-bp SalI-XhoI fragment. The latter fragment was rescued from pARGA and cloned for mutagenesis into pBluescript SKϩ (Stratagene) to generate pSKGT0. Site-directed mutagenesis was carried out on this construct using the QuikChange II site-directed mutagenesis kit (Stratagene), and oligonucleotides designed to introduce specific changes in this amino acid region are shown in Table 1 . After verification of the mutagenesis by DNA sequencing, the FseI fragment was cloned back into pARGA through the replacement of the nonmutagenized native FseI fragment by the mutagenized one. The newly generated plasmids were now independently introduced by conjugation from Escherichia coli into a panel of Streptomyces lividans strains, each harboring a plasmid directing the biosynthesis of a different L-or D-deoxysugar: L-rhamnose (pLN2⌬), L-olivose (pLN2), and D-olivose (pLNR) (21); L-digitoxose (pLNBIV) (4); and D-boivinose (pMP1B*II) (19) . The structures of these deoxysugars are shown in Fig. 2A . The resulting recombinant strains were then assayed for their capability to glycosylate 8DMTC. The strains were grown on small agar squares (2 by 2 cm) containing 1.5 ml of R5A solid medium plus 100 g/ml 8DMTC for 7 days at 30°C. Then, the agar was extracted with ethyl acetate, and after evaporation of the solvent, the extracts were fractionated by high-performance liquid chromatography. The different glycosylated derivatives were identified by their retention times in comparison with those of pure samples used as standards (2) . The amounts of each of these compounds were determined by integrating the peak areas.
Preliminary experiments showed that mutations affecting residues A308, A310, and D311 completely abolished sugar transfer, while those affecting L309 and N312 gave some functional GTFs. We therefore concentrated further analysis on changes in these two amino acids. Figure 2B and Table 2 show the results obtained in the experiments described below.
Substitution for the aliphatic amino acid L309 by either glutamine (Q), histidine (H), asparagine (N), or arginine (R)-all of them charged amino acids and thus representing drastic changes with respect to leucine-did not abolish sugar transfer; however, the efficiency of the transfer was reduced in a range between 30% and 80%. It is noticeable that arginine is naturally present in the equivalent position in two D-olivosyl GTFs, MtmGIV and CmmGIV (Fig. 1B) , but substitution L309R in ElmGT is not sufficient to maintain the ability to transfer D-olivose. Replacement of L309 by neutral amino acids revealed changes in the transfer pattern of ElmGT. Methionine (M) is present in the equivalent position in two L-rhamnosyl GTFs, as StfG and AraGT (Fig. 1B) . Substitution L309M in ElmGT reduced the capability to transfer D-olivose and L-digitoxose by about 75%, while it did not affect the ability to transfer L-olivose and L-rhamnose. Interestingly, the transfer of D-boivinose increased 1.5-fold. It has been shown that StfG, which also contains methionine in this position, is also able to efficiently transfer D-boivinose (17) . The presence of isoleucine (I) greatly increased the transfer of L-rhamnose by about twofold, while incorporation of D-boivinose was not affected and transfer of other deoxysugars was reduced between 30% and 80%. When L309 was replaced by alanine (A) or valine (V), transfer of L-olivose increased four-and sixfold, respectively, and the incorporation of D-olivose remained unchanged, while the transfer of L-rhamnose, L-digitoxose, and D-boivinose was reduced. Interestingly, substitution for L309 by the aromatic and polar amino acid tyrosine (Y), which contains a bulkier side chain than leucine, enhanced L-olivose transfer by twofold without affecting D-olivose and D-boivinose incorporation. Interestingly, substitution L309Y caused a reduction in the transfer of L-rhamnose, in spite of the fact that tyrosine is present in another L-rhamnosyl GTF, SpnG (Fig. 1B) .
Replacement of N312 by aspartate (D), alanine (A), or tyrosine (Y) greatly reduced the efficiency of deoxysugar attach- were grown in triplicate on small agar squares (2 by 2 cm) containing 1.5 ml of R5A solid medium plus 100 g/ml 8DMTC for 7 days at 30°C. Then, the agar was extracted with ethyl acetate, and after evaporation of the solvent, the extracts were fractionated by high-performance liquid chromatography. The different glycosylated derivatives were identified by their retention times in comparison with those of pure samples used as standards. The amounts of each of these compounds were determined by integrating the peak areas. AU, arbitrary units; WT, wild type. worth mentioning that substitution N312Q is naturally present in a number of GTFs independently of the deoxysugars they recognize (Fig. 1B) . The results in this paper clearly show that the promiscuous GTF activity of ElmGT can be modulated by specific amino acid substitutions in residues located in a short region within the ␣/␤/␣ motif. The flexibility of ElmGT for the attachment of different deoxysugars to 8DMTC has been widely reported previously (9, (17) (18) (19) 21) . However, the efficiency of transfer varies depending upon the particular deoxysugar. By introducing specific changes in the donor binding site, these efficiencies can be improved. Thus, substitution for L309 or N312 by several amino acids increase the transfer of L-olivose (L309A, L309V, L309Y, N312T, N312Q, and N312S), while others increase the efficiency of D-boivinose (L309M) or L-rhamnose (L309I) incorporation. In particular, N312T and N312Q substitutions have been shown to be specific changes for the attachment of L-olivose since, in these mutants, incorporation of all other deoxysugars was greatly reduced.
In conclusion, we have shown that it is possible to tune the efficiency of donor selectivity in GTFs by replacing specific amino acids from the C terminus. Increasing experimental evidence shows that it is possible to alter the glycosylation pattern of bioactive natural products by combinatorial biosynthesis based on substrate flexibility of GTFs. However, sometimes one of the problems is the low efficiency of the process. Based on the results in this work, by making judicious and selected amino acid changes in the ␣/␤/␣ motif of GTFs, it could be possible to increase selectively the efficiency of transfer of a given deoxysugar and thus to facilitate the formation of novel active glycoconjugates. However, at the moment no correlation between amino acid changes and deoxysugars to be transferred can be drawn. Further experiments will be needed to clarify this aspect.
